We have used genomic Southern blots and restriction maps of genomic clones to examine the organization of the antifreeze protein multigene family in the winter flounder. The majority of the =40 antifreeze protein (AFP) genes in this fish are present in 7-to 8-kilobase-pair (kbp) elements of DNA, which are iterated as tandem direct repeats. Each repeat contains a single antifreeze protein gene that is 1 kbp long, and all of these genes have the same transcriptional orientation. Although the repeated elements are highly homologous, they do show some restriction site and restriction length polymorphisms. When flounder genomic DNA is digested with restriction endonucleases that do not cut within the repeats, most of the antifreeze protein genes reside in fragments that are at least 40 kbp long, representing clusters of five or more repeats in tandem. After genomic DNA is digested with Xba I or Xho I, these genes are present in fragments of exceptionally high molecular weight, suggesting that the clusters themselves are grouped together in the genome. The AFP gene locus may have evolved by gene amplification as recently as 106 years ago in response to the onset of the Cenozoic ice age.
Many fish protect themselves from winter seawater temperatures that would otherwise be lethal by producing serum proteins with antifreeze activity (1) . The winter flounder (Pseudopleuronectes americanus), with a range covering most of the North American Atlantic, produces a set of closely related alanine-rich antifreeze proteins (AFP) (2) (3) (4) (5) . These AFP are resolved by high-performance liquid chromatography into at least seven components, although two very similar components, A and B, comprise almost 55% and 35%, respectively, of the total AFP mass content (6) . The principal structural feature of the flounder's AFP is an 11 amino acid a-helical sequence tandemly repeated three times (7, 8) , which is proposed to arrest freezing by binding to the surface of emerging ice crystals (1, 7) . The flounder's AFP synthesis, which occurs in the liver prior to export into the serum, is strongly correlated with the season. The proteins are exceedingly abundant during the winter months (=10 mg per ml of serum); during the summer months their concentration is decreased by at least 3 orders of magnitude (5, 9) . AFP mRNA levels in the liver show a similar seasonal fluctuation. The mRNA comprises 0.5% of the total liver RNA in the winter, but <0.001% in the summer (10) . However, when the pituitary gland is removed from flounder, high levels of AFP mRNA are produced regardless of the season (11) . This suggests that the AFP genes are under negative hormonal control.
Previously, we have shown that the AFP genes of the winter flounder exist as a multigene family of =40 members (12) . In this report, it is demonstrated that these AFP genes exist predominantly in 7.8-kilobase-pair (kbp) elements linked in direct tandem repeats, a structural pattern analogous to that of the histone genes in sea urchins (13) , rRNA genes in many species (14) , and the tubulin genes in trypanosomes (15) . We discuss the possible evolutionary forces that could have shaped the organization of the flounder's AFP genes. (17) . The blots were hybridized as described (12) . Flounder Genomic Library. Flounder testis DNA (400 jg) was partially digested with Sau3A and centrifuged on a 10%-40% sucrose gradient. Fractions containing kbp long were pooled and precipitated in 2.5 vol of ethanol. Annealed BamHI arms of Charon 30 were prepared as described by Maniatis et al. (18) and ligated to the genomic inserts. The ligated DNA was packaged using a X DNA in vitro packaging kit from Amersham. The resulting library was not amplified but was screened directly with a nicktranslated 32P-labeled AFP cDNA clone (19) by the method of Benton and Davis (20) .
MATERIALS AND METHODS

RESULTS
Southern Blots of DNA from Flounder Testis Probed with AFP cDNA. To establish the distribution of AFP genes in the flounder genome, restriction digests on high-molecularweight DNA obtained from the testis of a single flounder were carried out using a variety of enzymes. Using Sst I, BamHI, and EcoRI as representative enzymes that do not cut the AFP gene (12), a Southern blot was prepared and probed with AFP cDNA (Fig. 1) . For each restriction enzyme, a broad band of intense hybridization stood out from a scattered background of minor bands. Although these minor bands do in fact represent genuine genomic fragments containing at least one AFP gene (12) , the vast majority of the Abbreviations: kbp, kilobase pair(s); AFP, antifreeze protein.
2613
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 82 (1985) S B E Fig. 2 . No length variability is observed in the other two Sst I fragments of the direct repeat structure. Correlation of the cloned Sst I gene element polymorphisms with the major Sst I bands is shown in lanes S 1-3 of Fig. 4 . Precise alignment for each of the three cloned Sst I fragments with a major AFP band is observed. The cloning data suggest that the Sst I polymorphisms a, b, and c are randomly dispersed in the tandem repeats, although the evidence is not conclusive. None of the clones contained the Sst I polymorphism, which is slightly larger than bands a-c in Fig. 4 . This fourth polymorphism does not show as much hybridization as the other three. These restriction length polymorphisms are reflected in the breadth of the major BamHI band centered at 7.8 kbp and the Kpn I band centered at 6.3 kbp (Fig. 4) .
In addition to the five clones containing solely the 7.8-kbp elements, two clones harboring a variant 6.7-kbp repeat length were obtained. Restriction maps for these clones are shown in Fig. 2b . Both 6.7-kbp elements appear to be related to the 7.8-kbp elements by deletion of sequences situated about the Sst I site not directly flanking the AFP gene. Clone XAP6 contains the 6.7-kbp element in direct tandem linkage with a 7.8-kbp element, a conclusion based on the return at the right-hand end of the genomic insert of the Sst I restriction site pattern indicative of 7.8-kbp elements. The insert in clone XAP7 is too short to identify the elements flanking its 6.7-kbp element.
In genomic Southern blots, the 6. while Xho I and Xba I produce what appears to be a single band at significantly higher molecular weight. The streaking observed in the Xho I digest we attribute to slight overloading of the gel and the extremely high molecular weight of the hybridizing fragments.
DISCUSSION
Evidence for the tandem linkage of AFP genes comes from an analysis of the Charon 30 genomic clones (Fig. 2) in conjunction with genomic Southern blots (Figs. 4 and 5 Several mechanisms have been proposed for the generation of tandem gene arrays (21) (22) (23) . The arrays are generally thought to originate with an ancestral gene element, which, after duplication by some unknown process, proceeds to expand by unequal sister chromatid exchange (24, 25) . The hallmark of this process is the generation of periodic spacing between genes, as observed here for the AFP locus. Contrasting with this mechanism for gene amplification is one A involving multiple rounds of localized replication from a fixed origin followed by return of the DNA to linear form (26) . Tandem gene arrays created in this fashion are characterized by aperiodic spacing between genes. The observation of gene homogeneity within a tandem array has been attributed to such mechanisms as gene conversion and unequal crossing over (24, 27, 28 results) and only one of them matches closely the major AFP cDNA sequences (8, 19) .
The high AFP gene copy number is a surprising feature of the winter flounder's genome. As a rule, most eukaryotes are able to produce substantial quantities of proteins such as ovalbumin, vitellogenin, serum albumin, and hemoglobin, from relatively few genes by utilizing such mechanisms as enhanced transcription or translation rates and/or increased mRNA stability. The iteration frequency of =40 genes is comparable to that of the histone genes in vertebrates. But, whereas histones have to be produced during a short period in the cell cycle, the AFPs accumulate in flounder serum over a period of weeks, if not months (5, 9) .
We suggest that the flounder's high AFP gene copy number was established =2 to 4 million years ago in response to ocean cooling initiated at the onset of the late Cenozoic ice age (29, 30) . This period, which has continued to the present in cycles of glacial surges and retreats, terminated the relatively temperate global conditions that had existed since the close of the Permocarboniferous ice age =250 million years ago. Extensive marine extinctions associated with the Cenozoic ice age have been found in Atlantic regions north of the equator and have been attributed to ocean cooling (31) . As the transition from temperate to glacial conditions could have transpired in <50,000 years (30), we suspect that the flounder utilized amplification of a primitive and probably single copy AFP gene to produce sufficient AFP for survival. At least one line of evidence supports the relatively recent (=5 million years) emergence of the AFP gene. There are other teleosts with <50 million years of phylogenetic divergence from the flounder (32) that produce AFP with amino acid compositions and structures remarkably varied from those of the flounder (1, 33) . Even within a given family, species can be found that produce very different AFPs (34, 35) . This observation of diverse AFP in these fish suggests that phylogenetic separation preceded AFP evolution. For those near relatives of the flounder that adopted alternative strategies to survive Cenozoic cooling, such as migration to either greater depths or warmer geographic locations, perhaps the progenitor AFP gene exists at close to single copy.
